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Abstract.  Two closelyrelatedchemicaltransportmodels(CTMs) employ-
ing the samehigh-resolutionmeteorologicadata(~180 km x ~180 km x ~600
m) from the EuropeanCentrefor Medium-Rangé/NeatherForecastsare used

to simulatethe ozonetotal columnandtropospheridistribution over the west-
ern Pacific region that was explored by the NASA Transportand ChemicalEvo-
lution over the Pacific (TRACE-P) measurementampaignin February-April2001.
We malke extensive comparisonsith ozonemeasurementsom the lidar in-
strumenton the NASA DC-8, with ozonesondetaken during the period around
the Pacific Rim, andwith TOMS total column ozone.Thesedemonstratehat,
within the uncertaintieof the meteorologicadataandthe constraintsof mod-
el resolution,the two CTMs (FRSGC/UCland Oslo CTM2) cansimulatethe
obsened troposphericozoneanddo particularly well whenrealistic stratospher
ic ozonephotochemistrys included.The modelshave the greatesdifficulty re-
producingthe obsenationsin the polluted boundarylayer, where problemsre-
latedto the simplified chemicalmechanismandinadequatehorizontalresolu-
tion arelikely to have causedhe net overestimatiorof about10 ppb mole frac-
tion. In the uppertropospherethe large variability driven by stratospherign-

trusionsmakes agreementery sensitve to the timing of meteorologicafeatures.
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1. Intr oduction

The NASA Transportand Chemical Evolution over the Pacific (TRACE-P) measurement
campaigrover the westernPacific region in Spring2001 provideda comprehensie datasetof
tropospheridracegasesandtheir chemistryfrom a combinationof aircraft,ground-basedand
satelliteplatforms[Jacaob et al., this issue]. The objectivesof the missionwereto determine
the pathwaysfor outflow of tracegasesaerosolsandtheir precursordrom easternAsia, and
to studythe subsequenthemicalevolution of this outflow over the westernPacific. A major
focuswason the productionandexport of ozonefrom this industrialregion. Recentincreases
in emissionsvertheheavily populatedandrapidly developingpartsof EastAsiaareknown to
belarge[van Aardenne et al., 1999]andmay have a significantglobal influenceon air quality
[Jacob et al., 1999]andclimate[Berntsen et al., 1996]. The effectsof EastAsian sourceson
ozoneovertheU.S.andEuropearepredictedo begreatesin earlySpring[Berntsen et al., 1996;
WId and Akimoto, 2001]. During TRACE-R in-situ measurementsf ozonefrom the NASA
DC-8andP-3Baircraftandtropospherigrofilesfrom the DC-8lidar [Browell et al., thisissue]
werecomplementedtby frequentozonesondesom ninesitesaroundthe Pacific[Oltmans et al .,
thisissue],andby total ozonecolumndatafrom the EarthProbeTOMS satelliteinstrument.

Thisrich dataseprovidesanexceptionabpportunityto testcurrentkknowledgeof ozonechem-
istry andtransporwithin theframework of chemicatransportmodel§ CTMs)andspecificallyto
assesshesucces®f currentmodelswith appropriataneteorologyin reproducinghe obsened
ozonedistribution. Theregionandperiodof thecampaigmprovide particularlychallengingcon-
ditions. Themeteorologicatonditionsin springtimeover the westernPacific arecharacterized
by the frequentpassag®f low pressuresystemq Fuelberg et al., this issue],which interlace

continentalair masseswith cleaner marineair from the tropical westernPacific. The sharp
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rise in temperatureandincreasingnsolationduring springtimeover EastAsia leadto rapidly
increasingohotochemicahctity. This coincideswith the annualpeakin emissionsof ozone
precursorgrom biomassburning sourcesn southerrAsia, contributing to the large variability

in ozoneahundance®verthewesternPacific. Furthermoretheflux of stratospheriair into the
tropospherén theNorthernHemispheras greatestn Spring,andmuchof thisinflux occursin
tropopauséoldsassociatewith deviationsof thejetstreamthataremog conmon overnortheast
Asiain springtime[ Austin and Midgley, 1994]. Successfusimulationof the ozonedistribution
overtheregionandits variability thereforeequiresagoodtreatmenbdf stratosphere-troposphere
exchangeaswell asof tropospherigghotochemistryandthe fluctuationsin transportdriven by
frontal systems.

In this paperwe describeheuseof two closelyrelatedCTMs (FRSGC/UClandOsloCTM2)
drivenby the sameoff-line meteorologicatlatato simulatethe tropospheri®zonedistribution
over the westernPacific in Spring2001. Thesetwo CTMs are basedon the samedynamical
framewnork andtracertransportalgorithms|[Prather, 1987; Prather et al., 1987]but run differ-
entchemicalschemesandthusallow a clearevaluationof the uncertaintiesntroducedby the
chemicalmodelformulation. The meteorologicablatais uniqueto thesestudiesandhasbeen
generatedo provide a moreself-consistentgontinuouslyintegrated andhighertemporalreso-
lution global setof meteorologicafields ascomparedvith othersavailablefor this period. In
addition,both CTMs containtreatment®f stratospheriozoneusingthe scheme®f McLinden
et al. [2000],sothattheinflux of stratospheriozoneis predictedrom themeteorologicafields.
In addition,with theLinoz schemeausedin the FRSGC/UCICTM we simulatethefull variation

of thetotal ozonecolumn,tropospherigphotolysisrates andthe stratosphere-tropospheseone
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netflux withoutimposingfixed ozonedistributionsor otherartificial boundaryconditions still
commonlyusedin troposphericCTMs.

The goalsof the paperare: (i) to documentthe meteorologicaldata; (i) to demonstrate
that currenttroposphericCTMs cansimulatetropospherimzonedistributionsandtotal ozone
columnsverywell, evenin conditionsof hightenmporalandspatal variability; and(iii) to examine
theaccuraciesindbiasesf thesesimulationsn light of theavailablemeasurementdn section
2 we provide anoverview of thetwo CTMs usedandthe meteorologicatiatageneratedo drive
them. In section3 we evaluatethe calculatedozonedistributions and columnsagainstthose
obseredfrom the variousmeasuremerylatformsavailableduring TRACE-Pandcomparehe
performancef thetwo models.In sectiord we review theaccurag andbiasesf themodelled
ozonewith anin-depthlook at the effect of spatial-temporagrrorsin the meteorologicafields
at scalescomparableo the modelresolution. In section5 we concludewith a discussionof
thedirectionsneededo addressheidentifiedbiasesandto build confidencen our quantitatve

simulationof the sourcesandsinksthatcontroltropospherimzone.

2. Modelsand Meteorology

The global CTMs usedherearethe FrontierResearctsSystemfor Global Change(FRSGC)
versionof the University of California, Irvine (UCI) CTM [WiId and Prather, 2000; Wid and
Akimoto, 2001], andthe University of Oslo CTM2 [Sundet, 1997; Gauss et al., 2002]. These
off-line CTMs maintaina commonframework in termsof their use of meteorologicaldata,
traceradwectionand corvection[Prather, 1986; Prather et al., 1987], andin their choice of
boundary-layetreatment§Hannegan, 2000]. Thehorizontalandverticalresolutionof theCTM
is takendirectly from (or is asubsebf) themeteorologicatiatasetsywhich supplyadwective and

convective masdluxes,temperaturepressurehumidity, precipitation cloudwaterandavariety
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of surfaceparameterdor controlling treatmentof depositionand boundary-layeturbulence.
In the presenstudythe Oslo CTM2 usesthe option of the K-profile schemeof Holtslag et al,
[1990], while the FRSGC/UCICTM adoptsthe option of bulk mixing throughouthe depthof
theboundarylayerevery hour.

The principal differencebetweerthe modelsis in their treatmenif tropospherichemistry
The FRSGC/UCICTM usesthe ASAD package[Carver et al., 1997] with a simplified hy-
drocarbonoxidationschemeandanimplicit integrator;the Oslo CTM2 adoptsthe schemeof
Berntsen and Isaksen [1997] with chemicalintegrationusingthe QSSA approach Hesstvedt
et al., 1978]. Both modelscalculatephotolysisrateson-line with the Fast-JschemegWId et
al., 2000],with afull treatmenbf scatteringoy cloud dropletsbasedon suppliedcloud water
andice contents.Neithermodelcontainsa treatmeniof heterogeneoushemistry While both
modelsreproducghe meandistributionsof tropospheri@zoneandits precursorsn thecurrent
atmosphereeasonablyvell [Prather and Ehhalt, 2001],theresponsesf the chemicalsystems
areexpectedo differ atthe smallertemporalandspatialscalesexaminedhere.

Globalanthropogeniemissionsof NOx, CO andhydrocarbonsretakenfrom the EDGAR
databaséor 1990[Olivier et al., 1996]for the FRSGC/UCICTM andfrom the 1995database
[Olivier and Berdowski, 2001]for the OsloCTM2. In bothmodels emissionsversoutherrand
easterrAsiaarereplacedvith thosefor 2000developedspecificallyfor the TRACE-Pcampaign
[Sreets et al., this issue]. Naturalemissionsaretaken from the GEIA database For biomass
burningsourcesbothmodelsuseannualemissiongrom the EDGAR datasetsthe FRSGC/UCI
CTM appliesclimatologicalmonthlyvariationsaccordingo Wang et al. [1998], while the Oslo

CTM2 usesvariationsfrom Andreae and Merlet [2001].
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In the stratospherethe FRSGC/UCICTM includesa simple treatmentof chemistryusing
the Linoz schemgMcLinden et al., 2000], a linearizationof ozoneproductionandlossin the
present-dayptratospheréspecifiedasa function of latitude,altitudeandseason}hataccounts
for varying temperaturelocal ozonealundance and overheadozonecolumn. The 120 ppb
mole fraction isoplethof the Linoz traceris usedto diagnosethe dynamicaltropopauseand
provides a self-consistentfour-dimensionaltracertropopause. In addition, the Linoz tracer
providesa demarcatiorof stratospheri@ir, a more valuablequantity than tropopauseheight
becaus¢hetropopauséolds encountereduring TRACE-Pmake thedefinitionof atropopause
heightambiguous.The selectionbetweerntropospheriandstratospherichemistryis make in
realtime for eachgrid box; whenthe ozonealbundanceabore 10 km exceedsl20 ppb, Linoz
chemistryis used. The netannualflux of stratospheri@zoneinto the tropospherdasedon a
yearof T42 meteorologyfor 1997runto steadystateis 557 Tg/yr, within therangederivedfrom
obsenationsof 5504+-140Tg/yr [Olsen et al., 2001].

The Oslo CTM2 usesthe syntheticozonetracerSynoz[McLinden et al., 2000], in placeof
a stratospherichemistry settingthe annualmeannetflux of ozonefrom the stratospher@to
thetropospherat 545 Tg/yr. Synozis implementedoy having a uniform sourceof this tracer
in the tropical middle stratospher@andhaving it consered exceptfor nearsurfaceloss. This
chemistryprecludegomparisonwith obsenedcolumnozoneandthuscannobeusedo calculae
photolysisrates.In additionto thesetracers both CTMs carry a tracerof pseudo-stratospheric
ozonehatpredictgheabundancef tropospheriozonewith astratophericsouce. Thispseudo-
stratospheriozonehasthe stratospherichemistryof Linoz/Synozandin the tropospheras
removed by chemicalloss derived from the local chemicalrates. While this is not a correct

linearizationof theimpactof anaddedflux of stratospheriozone,t providesabetterindication
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of stratospheriinfluencethanthatavailableusingpotentialvorticity, whichis destrgyedin the
tropospherdy quitedifferentmechanisméom thatof ozone.

The meteorologicafields for November2000to April 2001 are generatedat the European
Centrefor Medium-RangaNeatherForecast§ECMWEF) usingthe IntegratedForecastSystem
(IFS) modelversion23r4. The horizontalresolutionchosens the sameasthatfor the ERA-40
dataset, TL159 (i.e., N80), but uses40 levelsin the vertical, from the surfaceto 10 hPa, the
standardvertical resolutionof earlier [IFS models. An optimal setof datafor driving CTMs
hasbeenselectedandinvolvesextractionof integratedcorvective fluxesandthree-dimensional
rainfall informationfrom the IFS modelin additionto the standarddiagnostics. The useof
forecastfields allows the treatmentof corvectionto be fully consistentwith the large-scale
transporfields,precludingthe needto derive corvective processesff-line. Themeteorological
fields usedhereare a sequencef piecedforecasts;for eachday the IFS is initialized from
analysesa 36-hourforecastis run, andthe final 24 hoursare integratedand storedat 3-hour
resolution.Theinitial 12-hourspin-upperiodis requiredto allow the modelfieldsto adjustand
is found to be particularlyimportantfor corvective rainfall andfor boundary-layestructure;
however, sucha spin-upperiodis far too shortfor the stratospher@andmay leadto spurious
verticaltransportacrosshe tropopausg¢Douglass et al., 1996]. While it would be possibleto
piecetogethershorterforecastso getthemeteorologyfor eachday(e.g.,four 6-hourforecasts),
ECMWE statisticssuggesthat objective forecastskills areasgoodafter 36 hoursasafter 24
hours,andwe assumehatthis alsoholdsfor thetracertransportfields. Thelarge-scalevinds,
temperature@ndpressurarediagnosedsspectralcoeficients; otherparameterarecollected

asgrid-pointdata. The notablestrength<of thesefields over otheranalysisproductsavailable
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aretheir dynamicalself-consisteny the useof integratedor averagedquantities the rangeof
diagnosticselectedandthe highertemporalresolution.

For the presentchemicalstudiesover the TRACE-P period, the horizontalresolutionis de-
gradedto T63 (1.875 x 1.875). The Oslo CTM2 usesthe full 40 levelswith a surfacelevel
thicknessof aboutl6 m, but the FRSGC/UCICTM adaptgheseto 37 levels,amalgamatinghe
lowest5 levelsinto 2 levelsof thicknessaaboutB0m and120m. Both CTMshaveameanvertical

spacingof about500m at 500 hPa, increasingslowly to about1200m at 100 hPa.

3. Comparisonwith Observations

A major goal of TRACE-P is to understandhe export of ozoneand its precursorsrom
industrialregionsin easterrmAsia. As partof thatevaluation,this paperfocusessimply on our
overallsimulationof tropospheriozonealbundancédor themission.Otheranalysesrenecessary
toassesthebudgetof tropospheriozone.For example carbormonoxide(CO)providescritical
clueson theemissionandmodelmeteorology[Kiley et al., thisissue]. Analysisof our model
simulationsof ozoneprecursorsand othertracerspeciesmeasuredrom the two aircraft will
likely give usmoreconfidencehatwe have correctlyidentifiedtheregionsof ozoneproduction.
Indeedthebiasesdentifiedin thisfirst analysigpointto regionswheremoreextensve analysis

is needed.

3.1. TOMS Columns
Thetotalozonecolumnis availableonadaily basifromtheEarthProbeTotal OzoneMapping
Spectromete(TOMS) instrument.Inclusionof the Linoz stratospherichemistryfor ozonein

the FRSGC/UCICTM allows usto simulatethe total columnandits full variability. The Oslo
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CTM2 appliesthe Synozformulationwhich doesnot aim to reproducethe total columnand
cannotbeusedhere.

Figure 1 shaws the latitudinal gradientin ozonecolumnover the westernPacific region in
March2001from TOMS andthe FRSGC/UCICTM. The vertical barsshov the rmsvariance
overtherangeof longitudesandtime. As goodcoveragerom TOMSis only availableonadaily
basis,the meansand variability are derived from the daily columns. The latitudinal gradient
overthewesternPacificregionis reasonablyvell reproducedwith columnsbelonv 250Dobson
Units(DU) in sub-tropicalegionsrisingto morethan450DU at45°N. While themeancolumns
areoverestimatedt high latitudesby up to 12%, andunderestimatedt low latitudesby up to
8%, thegradientat mid-latitudeds well reproducedandthevariability, rising from 4%to about
15%with increasindatitude,is very well matched.

Figure 1 also shows the ozonecolumnas a function of latitude for all longitudes(dashed
lines),anddemonstratethesignificantiongitudinalstructuren columnozonewith muchhigher
valuesover the westernPacific at mid-latitudes. A steepefatitudinal gradientis found over
thewesternPacific, with larger columnsnorth of 30N. This high latitudeenhancemerdandlow
latitudereductionin regional ozonecolumncomparedwith the global zonalmeanis captured
very well in the model. The differencebetweenthe regional and global latitudinal gradients
alsosuggestshatuseof a zonalmeancolumnclimatologywould producea systematidiasin
this region. The biasin the simulatedozonecolumns,however, highlightsa problemwith the
chemistryatthe 10%level, or, morelik ely, in the stratosphericesidualcirculationof the pieced
IFS meteorologicafields. A similar tendeng to overestimatenid-latitudeozonecolumnsis
foundfor a numberof modelsusingassimilatedvind fields[Douglass et al., 1996;Bregman et

al., 2001].



WILD ETAL.:. OZONEOVER THE WESTERNPACIFIC 11

To examinethe spatialvariability andthetiming of the passagef majorfeaturesye present
a sequenceof ozonecolumnsover the westernPacific region during Spring 2001 from the
FRSGC/UCImodel synchronizedwith TOMS columnsfrom successie orbits of the Earth
Probesatellite. The movie! shaws the evolution of the total column, and demonstrateghat
thelargestvariationsdrivenby the passag®f low pressuresystemsandthe movementsf the
jet stream,are capturedwell by the model, both spatiallyandtemporally Someexamplesare
shaowvn in Figure2, highlightingthelarge columnsnorthof Japarandthe cut-off vorticeswhich
sometimeccurover the easterrPacific, andwhich oftenre-attachto the main streamfurther
downwind. Many of thesdeaturesrereproducedvell by themodel,andtheirevolutionprovides
additionalinformationto interpretthedaily snapshotprovidedby TOMS. Overestimatiorof the
columnsathigherlatitudestypically occursin thefold regionsbehindlow pressureystemsand
causeshediagnosedropopausdeightin theseregionsto betoolow. Despitethis discrepany,
the short-termandsmall-scalevariationsin the total columnarewell reproducedandhenceit
appearshatdynamicaimpactsonthelowerstratospheriozonedistributionarewell represented
in the FRSGC/UCICTM usingLinoz andthe EC IFS 40-level pieced-forecasineteorological
fields. In this comparisonit is importantto look at the hourly simulationsagainstthe satellite
over-passessshavnin themovie, notjustatthe daily TOMS maps.

As the annualnetflux of ozonefrom the stratospheréo the tropospheres reproducedrery
well, thesucces capturingotalcolumnvariationssuggestshatthemodelisin agoodposition
to correctly simulatethe mechanismg$or exchangeof air acrossthe tropopauseandhenceto

capturetheinflux of stratospheriozoneduringthe TRACE-Pcampaign.
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3.2. Ozonesondes

Profiles of ozoneover the westernPacific in Spring 2001 are available from frequento-
zonesondéaunchesoverJapanKorea, TaiwanandHongKong,with additionalsondesverthe
easterrPacific from Hawaii and California [Oltmans et al., this issue],seeTable 1. In terms
of ozonepeaksthroughoutthe tropospheremary of the soundingscapturedintrusionsof s-
tratospheriair in theupperor mid-tropospheregpparentevidenceof stratospheriinfluenceat
lower altitudes,andhighly pollutedcontinentalair in the boundarylayer. We first usethe data
to examinethe modelsimulationsof the vertical profile, andthenfocuson tropopausédieights
andboundarylayerozone.

Thetropospheristructureon selectegrofilesduringthecampaigrperiodis shovn in Figure
3. Both ozonesondend model profilesshav a high degreeof variability in spaceandtime,
with significantlayeringnearthe surfaceandin theuppertroposphereAgreemenbetweerthe
modelledandmeasuregbrofilesis quite good;key featuresaregenerallycorrectlylocated,and
magnitudesrereproducedeasonablyvell. In afew casegeaturesaremissedsuchastheupper
tropospheridayerover HongKongon March29, or aregreatlyunderestimatedsfor thelayer
overTaiwanandHongKongonMarch16;thesanayreflecterrorsin thetiming of meteorological
featuresor variability in chemicalproductionfrom episodicsourcessuchasbiomassburning.
In somecasesomple profilesarereproducedbut with smallshiftsin locationandmagnitude.
The profile at Nahaon March 6 shaws threedistinct layers,andthe modelsindicatethat the
upperandlower layersareheavily influencedby stratospheri@ir while the middle layerhasa
morerecentchemicalorigin.

Agreemenbetweerthemodeldgs usuallygoodatlow latitudesputrathempoorerovernortheast

Asia, principally dueto the importanceof stratospheriénfluenceover this region. While the
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tracertropopausés oftensimilar, the magnitudeof intrusionsis ratherdifferent. Thisis clearest
during large intrusionssuchasthat at Chejuon March 1, or at Kagoshimaon March 13 and
22;the FRSGC/UCICTM slightly overestimatestratospheriinfluence while the OsloCTM2
significantlyunderestimates. At Sapporoon April 4, wherea layerwith strongstratospheric
influencein the lower troposphereproducedozoneenhancementef more than 40 ppb, the
FRSGC/UCICTM suggestsan enhancementf about30 ppb, while the Oslo CTM2 gives
an enhancemendf only 10 pph The stratospheriénfluenceextendsbeyond situationswith
intrusions;the 10 ppb differencebetweenthe modelsin the lower troposphereover Taiwan
on March 13 reflectsdiffering stratospherienfluencein dry descendingir, andis not present
on March 16 or 20 whenthe modelsagreemuchbetter This suggestghata goodtreatment
of stratospheri@zonedistributionsis requiredto successfullynodelozonein thetroposphere
throughoutheregion. Specifically the Synozformulation,basedn anannualmeanflux from
the stratospherenaynot be adequatdor suchdetailedseasonasimulations.

Figure 4 shaws the altitude distribution of the 150 ppb ozoneisoplethfrom all sondesbe-
tweenFebruaryand April that reachedhe tropopause.This diagnosticreflectsthe height of
thetropopauser of ary large stratospherientrusionpresentbelow this. For the FRSGC/UCI
CTM, thevariationin altitudeis capturedwell, with just five or six casesvherestratospheric
intrusionswereinterceptedout arenot foundin the model,anda similar numberfoundin the
modelbut not in the obsenations. Most of thesecasesoccurfor Chejuand Tateno,closeto
the tropopauséreakaround35°N, and are principally dueto spatialandtemporaloffsetsin
the meteorologicafields; the impactsof this variationare examinedin the following section.
While thefigurereflectsthelatitudinalgradientin meantropopauséieights Jarge stratospheric

intrusionswith ozonegreatetthan150ppbfound5—-6km belov themeantropopausdeightare
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suacessfullycapturedat KagoshimaNahaandHilo on mary occasionsWhile the variationin
heightis capturedvery well, thereis a nettendeng to underestimaté by about500m (about
half thethicknessof a modellevel at 12 km). Thisis drivenprincipally by the northeasiAsian
sites,andis consistentvith the highertotal columnsfound over theregion, notedearlier

The Oslo CTMZ2, using the Synozformulation, capturesthe tracertropopausewvell at the
higherand lower-latitude sites, but underestimatethe magnitudeof the large intrusionsthat
affect Tateno,ChejuandKagoshima.ln 10—-15casestheseintrusionsdo not reach150 ppb of
ozone andthe 150ppbisopleththereforereflectsthe heightof thetropopauseatherthanthatof
theintrusion. Consequentlythe 150 ppbdiagnosticshovn in Figure4 is overestimate@dnthese
occasions Examplesof this canbe seenin Figure 3 for Chejuon March 2 andfor Kagoshima
on March13. In theabsencef thesesites,agreemenis ratherbetter with a slopeof 0.91and
r? of 0.88,but a nettendeny to overestimatehe heightby aboutl km remains reflectingan
underestimationf thestratosphericontributionto backgrounazonein theuppertroposphere.

High levelsof ozoneareseenn theboundarylayeronanumberof occasionsandwhile more
extremeevents suchasoverTaiwanonMarch16,areunderestimatedhereis ageneratendeng
towardsoverestimationln Figure5, we shav themeanozoneevelin theboundaryayerbelon
800hPafrom theozonesondeandthemodels.In the FRSGC/UCICTM, ozonelevelsarewell
matchedn cleanemregionssuchasat Hilo, but are consistentlyoverestimatedt the Japanese
sitesby anaverageof 18 pph The mostpollutedcaseswith ozoneup to 90 ppb occurfor sites
closeto large urbansourcesandmayreflectlocal pollution episodesvhich arenot capturedoy
themodel. Overall sondesmeanozonen thislayeris 45.0+-12.2ppb,while themodelsuggests
56.5+13.3ppb,anetoverestimatiorof almostl2 pph FortheOsloCTM2, diagnosticdor Hilo

areunavailable,andthe correlationis consequentlypoorer A similar overestimatiorof ozone
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over the Japanessitesis seenbut is rathersmallerthanfor the FRSGC/UCICTM, typically

lessthan10 pph The meansondeozoneis 48.3t12.9ppb,comparedvith 52.74+5.6 from the

model,a netoverestimateof lessthan5 pph The smallertendeng to overestimatéooundary
layerozonein the OsloCTM2 comparedvith theFRSGC/UCICTM is seenn thesecondanel
in Figure5. However, thevariability in ozoneis not capturedaswell with the OsloCTM2, and
in themorepollutedcaseszoneis underestimated.

The tendeng to overestimateozoneover the northeastAsian sites stemspartly from the
inhereninability of coarse-resolutiomodelgo captureghenon-linearitiesn smogprodictionof
ozonejncludingNO, loss,verycloseto sourceegions. It mayalsobedueto errorsin precursor
emissions. The effect is larger for the FRSGC/UCICTM, wherethe boundarylayer mixing
schemdurtherdilutesemissionsTheHoltslagschemen the Oslo CTM2 reduceghis mixing,
typically leadingto lesschemicalproductionand a bettervertical gradient. Overestimation
is particularlybadover Japanessites,asair arriving herehastypically crossednajor source
regionsover ChinaandKorea,oftenin the stronglycappedboundarylayerbehinda cold front,
andhencethesenon-linearitiesareexaggeratedAgreemenis someavhatbetterin bothmodels
over the southernsites suchas Hong Kong, but modelledvariability hereis large, perhaps
reflectingepisodicinfluencefrom largelocal sources Note alsothatthe majority of sondesare
launchedn theafternoonwhenphotochemicallyproducedzonein theboundaryayermaybe
atamaximum.

Thestratosphericontributionsto nearsurfaceozonearegreatetthanthoseover muchof the
restof the profile on a numberof occasionsparticularly over Taiwan and Hong Kong. Two
examplesfrom the FRSGC/UCICTM are shovn in Figure 6. This typically occurson the

southernside of high pressuresystemswherestratospheri@ir broughtdown behindthe cold
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front of a precedingyclonecontinuedo subsideo thelowertropospherevertheoceanandis
broughtto the coastalbzonesondsitesby low-level on-shoreflow. Over Taiwanon March13,
thereis adistinctlayerof stratosphericmfluencebelov 800hPaatthebaseof adry, subsidingair
masscappingtheboundarylayer;the sondeprofile shovs the samefeatures.Similar conditions
areseenover HongKongon March 16, althoughin this casethe mid-tropospherés dominated
by more humid westerlyflow from continentalregions which shows very little stratospheric
influence;only in a dry layer at 400 hPa are stratospheridmpactsagainvisible. Note that
ozonefrom non-stratospherisourcess alsoelevatedin the boundarylayer, aslocal chemical
productions supplementety recirculationof pollutedcontinentahir transportedvertheocean
behindthe previous cold front. While the simpleboundarylayer treatmentusedin the model
may overestimatethe mixing of stratospheriair to the surface, it is clearthat stratospheric
intrusionsmaystronglyinfluencetropospheriozonebelonr 800hPain springtimeevenatthese
low latitudes.

Thepeakin o0zoneat320hPaoverHongKongonMarch16is notcapturedvell by eithermodel
(seealsoFigureb). Althoughthislayerisrelatively dry, themodelsandicatethatthestratospheric
influencehereis small. Thelocationof the peakis capturedoetterby the Oslo CTM2 thanthe
FRSGC/UCICTM, andthe differencebetweerthe modelshereandsimilarity over the restof
the profile suggesa tropospheriorigin dueto differenttreatmentof chemistryor emissions,
ratherthanto miss-timingof anintrusionin themeteorologicafields. Underestimatiof ozone
formationfollowing precursoremissiongrom episodicsourcessuchashbiomassburning over
southeasAsia, treatedin a climatologicalsensean the presentmodellingstudies,is the most

likely reasorfor this discrepany.
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3.3. Lidar Profiles

Thelidar instrumenton the DC-8 aircraft provided high-resolutiorprofilesof ozonethrough
thedepthof thetropospherdor eachflight duringthe campaigriBrowell et al., thisissue].We
derive similar profilesfrom themodelsby following theflight tracksthoughmodelfieldsoutput
athourly resolutionandshav examplesof thecomparisorfor the FRSGC/UCICTM in Figure
7. We selecttwo transitflights, oneover the centralPacific andoneover the North Pacific, and
two flights overthewesterrPacific, oneoutof HongKongandoneoutof Yokotaair-base,Japan.
Cloud optical extinction derived from the meteorologicatlatais alsoshown, ascloud droplets
attenuatehe beamof thelidar instrumentandhenceaccountfor mary of the gapsseenin the
data.

Theozoneprofilesontheseflights differ greatly dependenprincipally onthelatitudeandthe
meteorologicaleaturesencounteredOnflight 5, from Hawaii to Guam theaircraftencountered
athick layerof pollutedair of Asianorigin coveringawide areaof thecentralPacific, overlying
the cleanmarineboundarylayer and cappedby clean,subsidingair. This layer hadbecome
detachedrom the main westerlyflow at higherlatitudesdueto the actionof a strongfrontal
systenmbringingcleanemarineair from thesouthwestTheformationof thislayeris reproduced
successfullypythemodel thoughpeakozonds underestimateldy 5-8pph Flight 7, outof Hong
Kong,sampledair on both sidesof a frontal systemoff the coastof China. Aheadof thefront
theair wasrelatively clean;while cloudcoverin thevicinity of thefront preventedclearprofiles
in thefrontalregion,themodelshavs high levelsof ozonein the boundarylayeroutflon behind
the front, and elevatedlevels of ozoneat 8-10 km with both stratospheri@and tropospheric
componentssuggestindilamentsof dry stratospheri@ir interlacedwith corvective outflow.

Aheadof thefront againozonelevelsarelower, thougha persistentayerof tropospheriorigin
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is presentat around10 km in bothmodelandmeasurementrofiles. Flight 14, out of Yokota,
sampledcorvective outflow over the westernPacific, interlacedwith filamentsof stratospheric
air. Relatvely high levels of ozoneare found in the uppertropospheren the model, with a
numberof clear stratospheriéntrusionsencounteredhowever, thereare also strongbandsof
continentalbutflow at 8—10km, consistentvith convective actiity over EasternChina.

We considerin detail the featuresof the ozonedistribution on flight 18, April 3—4, when
the DC-8 flew from Japanto Hawaii. This flight involved two frontal crossingsandthe lidar
profilesshon ahighdegreeof structuremuchof whichis capturedvell by themodel. Thefrontal
crossingsatabout23:30and04:00GMT, standoutclearlyin theprofilesshovnin Figure7 dueto
thesharpdropin ozoneatundancesnmoving from regionsbehindthefront, heavily influenced
by subsidencef stratospheriair, to cleaneregionsahead.Thelargeintrusionandheavy cloud
coverassociatewith theyoungerfrontalsysemto thewestarecapturedvell; asmallerintrusion
atabout5 km is seerbehindthe maturesystemin the centralPacific. Stratospheriinfluenceis
alsoseerin two steeply-slopindilamentsowardstheendof theflight ontheapproacho Hawaii.
To moreclearlyillustratethe mainfeaturesof the ozonedistribution, we show the stratospheric
andtroposphericomponent®f ozonefrom the modelledprofilesin Figure8. Thelocationof
thefrontal systemsandtheir periodicnature canseenn the500hPasurfaceof thestratospheric
componentwith largeintrusionsbehindeachfront wrappingroundthetrailing anticyclone. The
stratospheriozonevisibleat10°N 170'W is theremnanof anintrusionfrom a previoussystem
trappedin the tropics; the tropopausdold leadingto the creationof this intrusionis clearly
visibleat 170°W in thetotal ozonecolumnon March 31, showvn in Figure2. Thetwo filaments
encounteredowardsthe endof theflight areremnantof thisintrusion. Continentaloutflow in

themid-tropospherés clearlyvisible betweerthefrontal systemsshighlevels(>40ppb)of the
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troposphericomponenbf ozone andresultsrom bothtransporof pollutedair previouslylifted

by corvection,andfrom slower lifting associatedavith the fronts. Nearerthe surfacethereis

somerecirculationof post-frontaloutflow aroundthe anticyclone,accompaniedby a significant
stratosphericomponentalthoughthisis overestimatedomparedvith thelidar profiles. Ahead
of the easterrfront, the lower troposphereés influencedoy cleanmarineair massesbut higher
ozonen theuppertropospheréasalargecomponenfrom EastAsiansourceshatcanbetraced
backto the continentc—6daysearlier

In summarythe modeldoesvery well simulatingthe highly variabledistribution of ozonein
thetroposphereThe maindiscrepanciearein theboundarylayer, wherethereis atendeng to
overestimateatbundancegloseto continentalsourceregionsasnotedearlier andin the upper
tropospherasouthof 30°N, whereepisodicsourcever southeasfisiasuchasbiomassurning
leadto occasionalinderestimatiorof ozone. The cappingof the boundarylayer behindcold
frontsis ratherstrong,andcontributesto the excessozonebuild-up closeto the surfacein these
simulations.

Note that the ECMWF IFS model capturesthe generalfeaturesof the cloud fields quite
well. While cloud cover is oftenvery heterogeneouat small scalesandinterceptionstrongly
dependentnthetrackof theaircraft,the modelappeardo capturethe presencef largerscale
clouddeckswell, particularlythoseassociatedvith frontal systems.n mary casessuchason
flights 7 and14, thesearecorroboratedy theflight log andclearlyaccountor thelack of lidar

data.

4. Evaluation of Biasesand Accuracy
We haveidentifiedsomeclearsystematidiasesn theozonesimulationsgn termsof columns,

boundaryayerabundanceandtropopauséeights.Ontheotherhand wehavefoundasurprising
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acaurag in simulatingthefine structureof the ozonecolumnsthat are matchedoy the TOMS
swaths.Oneaspecbf theaccurag of thesesimulationghatwe have notexaminedis the spatial
andtemporaldisplacementsf chemicalor meteorologicafeaturegshatmaybedueto biasesn

emissionschemicaltime scalespr phaseerrorsin thedriving meteorology In this sectionwe
focusonthelatter.

The timing and placementof major dynamicalfeaturesin the IFS meteorologicafields is
generallygood,asseenfrom the TOMS columns(Figure 2), ozonesond@rofilesof humidity
(Figure6) andtemperaturénotshavn),andthepositioningof themajorclouddecksencountered
ontheaircraftflights(Figure8). Neverthelessthecalculatedzonedistributionis sensitveto ary
deviationsthatmayoccur, particularlyin theboundarylayercloseto continentakourceregions,
wherechemicalozoneproductionand destructionmay be fast,andin the uppertroposphere,
wherevariability is large dueto the formationandpassagef stratospheriintrusions.

To assesthesensitvity of 0zoneto thistypeof variability, we extendtheozonesondeompar
isonswith the FRSGC/UCICTM by varyingthe sondelocationby oneor two grid boxes(2—4
in latitude or longitude),and by varying the samplingtime by 6—12hours. To investigatethe
impactof stratospherimtrusionswe focusontheregion of greatesvariability betweer80 and
35°N, closeto thejet streamandthetropopauséreak. Figure9 shavstheozonesondér Cheju
(33.5N) onMarch1, 2001,togethemith thevariability of themodelprofilein spaceandtime.
The simulatedprofile captureghe ozonesondgrofile well, with athick stratospheriintrusion
at 250 hPa reachingl120 ppb anda secondstratospheridayer at 500 hPa which is broaderin
the modelthanin the obsenations. The shift in simulatedprofile with latitude demonstrates
the presencef stronggradients.At the mostnortherlyextentthereis a single,broadintrusion

peakingat350ppbat200hPaandfilling theuppertroposphereyhile to thesouththemagnitude
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rapidly dropsoff andtwo intrusionsare seen,with peaksat 300 and600 hPa. At the correct
latitude,the modelprofile reproducedoththe magnitude®f the ozonepeaksandthe altitudes
of thelayers. Thelongitudinalgradientis rathersmaller asexpected;the upperbranchof the
intrusionwealensonly slightly from westto east put thelower branch presentt600hPain the
westerrprofiles,vanishen moving to theeast.While boundarylayerozoneis over-estimated
in all theseprofiles,the morewesterlyones,over the Yellow Seaandcloserto sourceregions,
shawv thegreatesenhancementd hetemporalariationovera24-hourperiodis alsolarge. The
upperbranchof theintrusionbuildsin magnitudeanddropsabout50hPa;thelowerbranchs not
visiblein thefirst profile,anddropsrapidly from 400to 700hPa, with anappropriatenagnitude
only atthe correctsamplingtime. The baselinegropospheri@zonedropsfrom 80 to 50 ppb at
theendof this period,asthestratospherimfluenceis transportecdastvards. Twenty-fourhours
later, on March 2, whena seconzonesond&aslaunchedthesdowervaluesaremaintained,
andthe profile is essentiallyflat up to 250 hPa, wherethe upperbranchof the intrusionis still
visible. This shift in structureover 24 hoursis simulatedextremelywell by the FRSGC/UCI
CTM.

This casewasselectedor the obsenation of stratospherigntrusionsandfor the availability
of distinct ozonesonde@rofiles on successie days. While it is broadlytypical of our model
simulationsjntrusionsarenot reproducedswell in someothersituationsasseenn Figure4.
Allowing asmalldegreeof spatialandtemporakhiftin fitting themodelledprofilesto thesondes
to adjustfor the phasingof the meteorologymaythereforemprove theagreementasexpected.
This may provide the basisfor a morequantitatve measuref modelperformancen capturing

profile structure,andis a goal of future research.Neverthelessywe demonstrat¢hatin mary
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caseshestructurds alreadyreproducedvell, with nosystemati@adjustmentequiredo improve

thefit, andconcludethatthereis no obviousspatialor temporabiasin themeteorologicafields.

5. Conclusions

This paperhasintroducedandcharacterizetwo CTMs (FRSGC/UClandOslo CTM2) that
arebeingusedto examinethe chemicalervironmentover the westernPacific in Spring2001,
with thegoalof quantifyingtheimpactsof Asianoutflow onregionalandglobalscales We have
describedhe meteorologicatlatausedto drive thesemodels,generateavith the ECMWF IFS
modelspecificallyfor the TRACE-Pcampaignandhave demonstratethatthegenerafeatures
of the troposphericozonedistribution dueto both troposphericand stratosphericsourcesare
capturedverywell.

Applicationof alinearizedstratospheriphotochemistryor ozoneproductiorandloss(Linoz)
allowsusto modelsuccessfullyhetotal ozonecolumnandits short-termvariability andappears
to be muchbetterthan simplerapproaches.The consequenself-consisteng of stratospheric
ozonewith the dynamicalfeaturesof the tropopauseegion allows a morerealisticsimulation
of stratospheriintrusions.From comparisonsvith bothozonesondeandlidar measurements,
this stratosphere-tropospheargerfaceis reproducedvell overthewesternPacificin the Spring
2001 period. Use of a simpler syntheticozonetracer (Synoz)leadsto underestimatiorof
the magnitudeof intrusionsin this region in springtime,even thoughthe total annualcross-
tropopausdlux is appropriate. A detailedcomparisonwith measurementsuggestghat the
tropopausdeightsdiagnosedisingthe Linoz chemistryareslightly too low, andthatthe total
ozonecolumnnorth of 35°N is too large. This is likely dueto a morevigorousstratospheric
overturning,andsimilar excessfluxesof stratospheri@zonewith assimilatedields are noted

by otherg[Douglass et al., 1996].
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Ozonein the boundarylayer over northeastAsia is generallyoverestimatedn both models.
We believe thata large part of this biasis dueto overestimatea¢hemicalformationassociated
with the dilution of precursoremissionswithin a modelgrid box inherentto coarse-resolution
Eulerianmodels.Theoverestimations worsein theFRSGC/UCICTM, wherecompletemixing
of theboundarylayeroccursevery hour;in the OsloCTM2, which maintainsverticalgradients
within theboundarylayer, thereis lessefficient ozoneproduction.However, otherfactors such
aserrorsin precursoremissionsstrongboundarylayer cappingin outflow behindfronts, and
overestimatiorof stratospherienfluencesmay alsocontritute. In cleanconditions,suchasat
Hilo, the modelsperformbetter We will needto examinethe ozonebiaswith respecto other
tracersfrom ozonesourceregionsto resol\e this uncertainty

The meteorologicafields usedin the modelscapturethe generalstructureandtiming of the
cyclonic systemghat affect the westernPacific region. We demonstratehe large variability
in ozonethat may occur on relatively small temporaland spatialscales. Allowing for small
space-timeerrorsin the phasingof the meteorologycanin afew casedeadto betteragreement
with obsenations,althoughthereis no obvioussystematidias. Furtherevaluationsof potential
biaseswill needto considera muchwider rangeof sensitvities to potentialuncertaintiesn
emissionsandmodelresolutionin the sourceregions.

Althoughwe have demonstratethatthe modelcanreproducehe distribution of ozonerea-
sonablywell, it is clearfrom boththe LID AR profilesandthe ozonesondethatthereis a great
dealof small-scalestructureandlayeringin thetropospherghatis beyondthe ability of CTMs
to captureat currentresolutions.A key questions whethertheaveraginginherentin these(and
other) CTMsiis sufficientto capturethe meanimpactsof precursorsn oxidantabundance®n

thecorrecttemporalandspatialscales.Thisissuewill beaddresseah futurework.
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Tablel. OzonesondéaunchSitesAroundtheNorth Pacific, February—April2001

Site Location Number

Sapporo,Japan 43.T°'N 141.3E 10
Tateno,Japan 36.°N 140.YE 27

Cheju,Korea 33.5N 126.5E 9
Kagoshima,JJapan 31.6°N 130.6E 10
Naha,Japan 26.2N 127.7E 11
Taiwan 25.0°N 121.2E 14
HongKong 22.3N 114.2E 8
Hilo, Hawaii 19.#N 155.0W 25

TrinidadHead,CA 40.8N 124.2W 23




WILD ETAL.: OZONEOVER THE WESTERNPACIFIC 29
Figure 1. Thelatitudinal gradientin ozonecolumnover the westernPacific region (90°—18CE) in
March2001from TOMS (grey) andthe FRSGC/UCICTM (black). Thezonalmeanoverall longitudes
for the sameperiod(dashed)s shavn for comparison Vertical barsindicatethe rmsvarianceover the

rangeof longitudesandtime.

Figure 2. Total ozonecolumnsfor selecteddaysduring the campaigncomparedwith concurrent
columnsfrom the TOMS instrument.Notethatthe orbitspreces$rom eastto west,coveringtheregion
shown in aboutl0 hours,with thefinal, westernmosbrbital typically atabout4:00 GMT; comparisons

areshawvn at or soonafterthis to minimizethe phasdag.

Figure 3. Comparisorof ozoneprofilesfrom the FRSGC/UCICTM (black,dashedandOsloCTM2
(grey, dashed)with ozonesond@rofiles (solid lines) during the TRACE-P campaignperiodin 2001.

Profilesoverthe easterrPacific areavailablefrom the FRSGC/UCICTM only.

Figure 4. Altitude distribution of the 150 ppbisoplethof ozonefrom all ozonesondesver the North
Pacific betweenFebruaryand April 2001, againstthosefrom the FRSGC/UCICTM (left) and Oslo

CTM2 (right).

Figure5. Meanboundarylayerozonebelon 800hPafromtheFRSGC/UCICTM againsthatfrom all

ozonesondesver the North Pacific betweenFebruaryand April 2001 (left) andfrom the OsloCTM2

(right).

Figure6. Ozonesondprofilesof ozongleft) andrelatve humidity (right) over TaiwanandHongKong
(solidlines),againsthosefrom the FRSGC/UCICTM (dashedines). Thestratosphericomponenbf

modelledozoneis shavn in grey.
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Figure 7. Comparisornof FRSGC/UCICTM andLIDAR ozoneprofilesfor selectedlights across
the Pacific from/to Hawaii (Flights 5, 18), from Hong Kong (Flight 7) andfrom Yokota (Flight 14).
Modelledozonein the stratospherbéelov 18 km is masledat 500 pph Theflight track of the DC-8is
showvn in white, andblackcontoursindicateapproximatecloudopticalextinction (10-3 cm™1) from the

IFSfields.

Figure 8. Decompositionof the ozoneprofile from the FRSGC/UCICTM into stratospherigleft
panel)andtropospheridright panel)componentsThe upperhalf of eachpanelshows theflight track
profile; the lower half shavs slicesover the westernPacific at 500 hPa (5 km) and320hPa (8 km) four
hoursinto the flight. Theflight track of the DC-8 is shavn in white, andblack contoursshav mean

sea-l@el pressurdrom the IFS fields.

Figure9. ImpactsontheozoneprofileatChejuonMarchl of varyingthelocationandtimein sampling
the FRSGC/UCICTM fields. Thelocationis variedby onegrid box (1.9°) spatially andthetime by 6
hours;successie profiles(black) areshiftedby 100 ppbandareshovn againsthe ozonesonderofile
(grey). A secondozonesondegn March 2, is shavn for comparisoras‘+24hr’ in the lowestpanel,

shiftedby 550pph
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Figure 1. Thelatitudinal gradientin ozonecolumnover the westernPacific region (90°—18CE) in
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Total Ozone Column for 06:00 hrs on 31 MAR 2001
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Figure 2. Total ozonecolumnsfor selecteddaysduring the campaigncomparedwith concurrent
columnsfrom the TOMS instrument.Notethattheorbitspreces$rom eastto west,coveringtheregion
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Figure 3. Comparisorof ozoneprofilesfrom the FRSGC/UCICTM (black,dashedandOsloCTM2

P campaignperiodin 2001.

dashed)with ozonesondrofiles (solid lines) during the TRACE-

(grey,

Profilesoverthe easterrPacific areavailablefrom the FRSGC/UCICTM only.
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Figure 4. Altitude distribution of the 150 ppbisoplethof ozonefrom all ozonesondesver the North

Pacific betweenFebruaryand April 2001, againstthosefrom the FRSGC/UCICTM (left) and Oslo

CTM2 (right).
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Figure5. Meanboundarylayerozonebelon 800hPafromtheFRSGC/UCICTM againsthatfrom all

ozonesondesver the North Pacific betweenFebruaryand April 2001 (left) andfrom the OsloCTM2

(right).
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Figure6. Ozonesondprofilesof ozongleft) andrelatve humidity (right) over TaiwanandHongKong
(solidlines),againsthosefrom the FRSGC/UCICTM (dashedines). Thestratosphericomponentf

modelledozoneis shovn in grey.
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Modelledozonein the stratospheréelon 18 km is maslkedat 500pph Theflight trackof the DC-8is
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CTM Trop Ozone for DC8 Flight 18 (03 Apr 2001)
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Figure 8. Decompositiornof the ozoneprofile from the FRSGC/UCICTM into stratosphericleft

panel)andtropospheridright panel)componentsThe upperhalf of eachpanelshavs theflight track

profile; thelower half shaws slicesover thewesternPacific at 500 hPa (5 km) and320hPa (8 km) four

hoursinto the flight. Theflight track of the DC-8 is shavn in white, andblack contoursshav mean

sea-le@el pressurdrom the IFS fields.
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Figure9. ImpactsontheozoneprofileatChejuonMarchl of varyingthelocationandtimein sampling

the FRSGC/UCICTM fields. Thelocationis variedby onegrid box (1.9°) spatially andthetime by 6

hours;successie profiles(black) areshiftedby 100 ppbandareshonvn againsthe ozonesonderofile

(grey). A secondozonesondegn March 2, is shovn for comparisonas‘+24hr’ in the lowestpanel,

shiftedby 550 pph



